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a  b  s  t  r  a  c  t
ZrO2 nanopowders  were  synthesized  by  low  temperature  solution  combustion  method  using two  dif-
ferent fuels  namely  glycine  and  oxalyldihydrazide  (ODH).  The  phase  conﬁrmation  was  done  by  powder
X-ray  diffraction  (PXRD)  and  Raman  spectral  analysis.  Use  of glycine  resulted  in  ZrO2 with mixture  of
tetragonal  and monoclinic  phase  with  average  crystallite  size  of  ∼30 nm.  However,  ODH  as  fuel  aids  in  the
formation  of  ZrO2 with  mixture  of  tetragonal  and  cubic  phase  with  average  crystallite  size ∼20 nm.  Fur-
ther,  in  present  work  we  present  novel  way  to tune conductivity  property  of  the  nano  ZrO2. We  show  that
merely  changing  the  fuel  from  glycine  to  ODH,  we obtain  better  DC conductivity  and  dielectric  constant.
On  the  other  hand use of  glycine  leads  to  the  formation  of ZrO2 with  better  AC  conductivity  and  humidityonductivity
ielectric constant
umidity
sensing  behavior.  The  dielectric  constants  calculated  for samples  prepared  with  glycine and  ODH  were
found  to be  45 and  26 respectively  at 10 MHz.  The  AC  and  DC  conductivity  values  of  the  samples  prepared
with  glycine  was found  to  be 9.5  ×  10−4 S cm−1, 1.1 × 10−3 S cm−1 and  that  of ODH  was 7.6 × 10−4 S cm−1,
3.6  × 10−3 S cm−1 respectively.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/Zirconium oxide (ZrO2) is a well identiﬁed ceramic material
n application oriented research. It has variety of applications in
ifferent ﬁelds [1–7]. These applications mainly depend on its
icrostructure properties namely crystal phase, particle shape,
ize, etc. Some of the recent publications mainly focus on the
hape and phase controlled preparation of ZrO2 [8,9] by adjusting
he temperature, time, pH, solvent, or reactant concentration of
eactive system or using some special capping agents and organic
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additives. Developing the facile and effective approach to the
synthesis of size controlled ZrO2 nanocrystals with high crys-
tallinity still remains a great challenge.
Pure ZrO2 exists in three different phases at different temper-
atures: monoclinic, tetragonal, and cubic. At 2370 ◦C the material
has a cubic structure, tetragonal structure exists between 1150 ◦C
and 2370 ◦C and at below 1150 ◦C the material transforms into the
monoclinic structure which is a thermodynamically stable phase.
Thus, the synthesis and room temperature stabilization methods
of cubic ZrO2 are very important and of scientiﬁc signiﬁcance
with application prospects. Mostly the cubic phase of zirconia
is stabilized by doping with dopants [10]. However, recently
Prakashbabu et al. have reported the synthesis of pure cubic ZrO2
without the aid of any stabilizing agents such as yttrium [9]. Sev-
eral synthetic approaches such as mechanochemical processing,
sol–gel, thermal decomposition, ionic-liquid route, hydrothermal
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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ynthesis, spray pyrolysis, and emulsion precipitation [11–17] have
een employed to prepare ZrO2 nanocrystals. Some of those usually
equire a calcination treatment to induce crystallization, leading to
he agglomeration of nanoparticles.
To avoid the use of high temperature preparation conditions
nd agglomerations of samples, many new and simple methods
ave been adopted. Realizing that the cost of synthesis, simplicity
nd morphological characteristics of nanoparticle to be important
arameters for their use in commercial applications, it is imper-
tive that a self-propagating combustion route offers best choice
mong other methods [18]. This method involves the use of organic
uel to start the decomposition reaction of precursor metal salts
t moderate temperature [19]. The advantage of this method is
hat the desired phase can be achieved with better control over
toichiometry with a relatively simple experimental setup. The
btained product properties like crystal size, surface area, sur-
ace morphology, agglomeration and enthalpy of the reaction, etc.
ainly depends on the nature of fuel used for the combustion
ynthesis [20]. The choice of fuel signiﬁcantly impacts the exother-
icity and amount of gases that evolve during the combustion
rocess; this in turn has a strong inﬂuence on the properties of
he product [21]. The fuels employed so far in the combustion syn-
hesis of ZrO2 are citric acid [22], glycine [23], and ODH [9]. Hence
y approaching with different fuels for the synthesis of ZrO2, the
onductivity studies and dielectric studies have been carried out.
owever ZrO2 exhibits different dielectric constant values depend-
ng on the phase [monoclinic (εr = 20), tetragonal (εr = 37), cubic
εr = 47)] synthesized by various methods [24–26].
Particularly in the present work ZrO2 nanocrystals are synthe-
ized by low cost solution combustion method using two different
uels. The crystal structure, phase purity, surface morphology,
ptical studies, surface area, AC and DC conductivity studies and
umidity sensing properties have been investigated through vari-
us techniques.
. Experimental details
.1. Synthesis
Glycine/ODH was used as a fuel to synthesize zirconium oxide
y solution combustion method. Zirconyl nitrate [ZrO(NO3)2·xH2O]
Central Drug House (p) Ltd.) was used as oxidizer. Stoichiomet-
ic composition of the redox mixtures was calculated based on the
otal oxidizing and reducing valences of the oxidizer (O) and the fuel
F) keeping the O/F ratio as unity. The aqueous solution containing
he redox mixture was taken in a crystalline dish and introduced in
 preheated mufﬂe furnace maintained at 400 ◦C. The redox mix-
ure instantaneously ignited releasing a lot of gaseous products,
esulting in the formation of ZrO2 white nanopowder. This reac-
ion was self-propagating and thus produced high temperature was
ustained for the period of 1–6 s. During the course of this reaction,
emperature released aids in the formation of the product. At the
nd of this period, the ZrO2 white nanopowder was  formed. The
ombustion synthesis process was completed with the total time
pan of 5 min. The obtained ZrO2 was ground well as a ﬁne powder.
Assuming the complete combustion, the theoretical equation
or the formation of ZrO2-1 with glycine can be written as follows:
rO(NO3)2 + 2C2H5NO2 → ZrO2 + 2N2 + 4CO2 + 5H2O
(11 moles/mole of ZrO2)
(1)Similarly, the ZrO2-2 was synthesized by using the same
bove process in the presence of fuel i.e. oxalyldihydrazide (ODH)
(CON2H3)2].2θ(deg rees )
Fig. 1. X-ray diffraction pattern of (a) ZrO2-1 and (b) ZrO2-2.
Assuming the complete combustion, the theoretical equation
for the formation of ZrO2 with ODH can be written as follows:
ZrO(NO3)2 + (CON2H3)2 → ZrO2 + 3N2 + 2CO2 + 3H2O
(8 moles/mole of ZrO2)
(2)
1.2. Characterization
The powder X-ray diffraction (PXRD) patterns were recorded on
X-ray diffractometer (Bruker AXS D8 Advance) using Cu K radi-
ation ( = 1.5418 A˚) in the 2 range 20–80◦. Raman spectroscopy
done by Horiba Jobin Yvon labRam HR in the range 0–700 cm−1.
The FTIR spectra of the ZrO2 were recorded on IR Afﬁnity-1 (Shi-
madzu, Japan) spectrometer in KBr medium, at room temperature.
Energy gap analysis by UV–visible spectrometer (Specord 250 plus,
Germany). SEM micrographs were studied using scanning elec-
tron microscope (Jeol 6390 LV). HRTEM analysis was carried out
by high resolution transmission electron microscope (300 kV, FEI,
Technai G2, F30 S-Twin with FEG source). Nitrogen adsorption and
desorption studies were carried out by BET Surface area analyzer
(NOVA.1000 Ver.370, USA) For Impedance measurements, 1.0 g of
each sample was pelletized to a diameter of about 10.0 mm  and
thickness of 1.0 mm.  The pressure applied was about 10 tons/m2.
The pellets were then sintered in vacuum at 300 ◦C for 3 h. The
pelletized samples were analyzed by spectroscopy using 6500B
series of Precision Impedance Analyzer (Wayne Kerr-UK Electron-
ics Pvt. Ltd., India) in the frequency range from 20 Hz to 107 Hz
at room temperature. DC conductivity is measured using two-
probe technique (SES Instruments Pvt. Ltd.). The frame contains
the supporting electrodes made of Boller steel which enables to
take observations even at temperatures as high as 700 ◦C. The pel-
let of sample under study can be sand-witched between two  brass
electrodes. For humidity sensing studies, sintered pellets of ZrO2
were coated on both sides with silver paste and humidity response
measurements were done by Humidity Sensor (V B Ceramic Con-
sultant, Chennai, India) in the cooling temperature range between
70 ◦C and 0 ◦C.
2. Results and discussion
Fig. 1 shows the XRD patterns obtained by glycine and ODH fuels,
and the products obtained by glycine and ODH fuels are labeled
as ZrO2-1 and ZrO2-2, respectively, henceforth. The characteris-
tic peaks correspond to the miller indices (1 1 1), (2 0 0), (2 2 0)
and (3 1 1) for both the samples. These peaks are sharp and highly
intense and match well with the standard JCPDS card no. 81-1550.
This conﬁrms the cubic structure of ZrO2 with lattice parameter
a = 5.129 A˚. The highly well resolved intense peaks imply that the
crystalline nature of the samples. Diffraction pattern of ZrO2-1 sam-
ple shows relatively crystalline peaks compared to ZrO2-2 sample.
The change in crystallinity of samples with change in fuel may  be
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Fig. 2. W–H  plot for (a) ZrO2-1 and (b) ZrO2-2.
ue to the difference in the number of moles of gases evolved and
he difference in the exothermicity of the combustion.
The average crystallite size (D) of ZrO2 samples for different fuels
s calculated using the Debye–Scherrer’s equation [27],
 = K
 ˇ cos 
(3)
here D is the crystallite size, K is the Debye–Scherrer’s constant
epending upon grain shape (∼0.94),  ˇ is the full width half max-
mum,  and  is the Bragg angle. From the observed XRD patterns,
attice strain is different for samples prepared using different fuels.
o verify this we followed a method suggested by Williamson and
all (W–H) [28]. The W–H  method is applicable in cases where both
rystallite size effect and lattice deformation are simultaneously
perative. The combined effect of size effect and lattice deforma-
ion gives rise to the observed full width half maximum (FWHM)
ˇ) in the XRD patterns.  ˇ is the sum of ˇ1 (grain size depend-
nt broadening) and ˇ2 (lattice distortion dependent broadening).
–H  equation may  be expressed in the form:
 cos  = ε(4 sin ) + 
D
(4)
here  ˇ is FWHM in radian, ε is the strain developed, and D is
he crystallite size. The equation represents a straight line between
 sin  (X-axis) and  ˇ cos  (Y-axis), where 2 is the Bragg angle cor-
esponding to XRD peaks. The slope of line gives the strain (ε) and
ntercept (/D) of this line on the Y-axis gives grain size (D). Fig. 2
hows W–H  plot for ZrO2 nanocrystals synthesized using different
uels. Not a good linear ﬁt is observed for both the samples due to
he intrinsic lattice strains (Table 1) present in nanoparticles. This
s consistent with the previous studies [29,30]. The estimated aver-
ge crystallite sizes of both the samples determined from Scherrer’s
ormula and W–H  method are summarized in Table 1. Crystallite
ize and crystallinity of the samples prepared using ODH fuel are
elatively lower compared to glycine. This might be due to less
olubility of ODH in the reactants mixture which results in less
omogeneous combustion with reduced ﬂame temperature reduc-
ng the crystallite growth.
It is interesting to notice that crystallinity and crystallite size are
ore for sample prepared using glycine fuel because of solubility Ceramic Societies 4 (2016) 309–318 311
of glycine is more compared to ODH. This in turn helps in homoge-
neous mixing of reactants and uniform distribution which results
in homogeneous combustion reaction; hence increase of tempera-
ture leads to improved crystallization and increased crystallite size.
The size differences in both samples may  be due to the fuels used
for combustion synthesis and also number of gases released during
combustion [31].
Rietveld reﬁnement is a method used to estimate the crystal
structure of the material using XRD data (FWHM of peaks, asym-
metry of peaks, peak shifts, etc.). In the present study the Rietveld
method is applied mainly to evaluate the unit cell parameters of
the samples. Reﬁnement is done on both ZrO2-1 and ZrO2-2 (Fig. 3).
Rietveld reﬁnement is done using the FULLPROF program [32]. We
utilize the pseudo-Voigt function in order to ﬁt parameters to the
experimental data set. The parameters used are: a scale factor, a
zero shifting factor, four back ground factors, three cell parameters,
ﬁve shapes and width of the peak factors, one global thermal factor
and two asymmetric factors. The ﬁnal reﬁnement analysis shows
that the experimental and calculated PXRD patterns obtained by
the Rietveld reﬁnement are in good agreement with each other,
and all observed peaks have been suitably indexed. For the Rietveld
reﬁnement reported, the statistical validity (RBragg) obtained is 3.52
for ZrO2-1 and 3.95 for ZrO2-2, which is well within the permissi-
ble limit (∼6). The packing diagram of ZrO2 obtained using Rietveld
reﬁnement is shown in Fig. 4. The reﬁned parameters such as occu-
pancy and atomic functional positions of the ZrO2 nanoparticles
for both fuels are summarized in Table 2. The ﬁtting parameters
(Rp, Rwp and ) indicate good agreement between the reﬁned and
observed PXRD patterns for the ZrO2 nanoparticles.
In present study it is evident from PXRD results that in ZrO2-1 a
small diffraction peak at 32◦ corresponding to monoclinic phase
was present. However, Rietveld reﬁnement showed pure cubic
ZrO2 in both the cases of ZrO2-1 and ZrO2-2. However, this might
be due to error in PXRD results are ∼3%. Hence, the phase purity
of the samples cannot be precisely determined by PXRD alone in a
few cases. Raman spectroscopy is a very sensitive technique and
probes molecular and crystal lattice vibrations, and is therefore
very sensitive to small changes in crystal structure and bonding.
According to the predictions of the factor group analysis, different
polymorphs of zirconia have a different number of Raman bands.
The monoclinic phase, P21/b(C2h5), has four molecules per unit
cell and 18 Raman active modes, 9Ag + 9Bg; the tetragonal ZrO2,
P42/mnc (D4h15), has two molecules per unit cell and 6 Raman
active modes, A1g + 2B1g + 3Eg. Cubic zirconia with a ﬂuorite struc-
ture, Fm3m (Oh5), has four molecules per unit cell and only one
Raman active mode, F2.
Fig. 5a and b shows the observed Raman spectra of ZrO2-1 and
ZrO2-2 respectively. Raman spectra of the ZrO2-1 show peaks at
147, 264, 318, 457, 473 and 646 cm−1. All the peak positions except
one at 473 cm−1 are quite accordance with the reported values for
tetragonal phase of ZrO2 [33]. The sharp peak at 473 cm−1 corre-
sponds to monoclinic phase of ZrO2 [34]. This result conﬁrms the
presence of tetragonal and monoclinic phase in ZrO2-1. However,
in ZrO2-2 well resolved Raman bands are observed at 149, 268, 320,
457, 616 and 642 cm−1. Except for the bands at 540 cm−1 and broad
band ranging from 595 to 660 cm−1 all other peaks are similar to
ZrO2-1 and conﬁrms the presence of tetragonal zirconia. The amor-
phous kind of band at 540 cm−1 and broad band at 595–660 cm−1
are characteristic bands of cubic phase of zirconia. It is interest-
ing to note that these peaks are absent in ZrO2-1. Similar results
were also reported by other researchers in the literature. Kontoy-
annis et al. [35] also reported that cubic ZrO2 shows amorphous-like
Raman spectrum with one broad band at 530 cm−1. Basahel et al.
reported that cubic ZrO2 exhibit the strong band between 607
and 617 cm−1 [36]. The reason for the stabilization of cubic phase
in this study might be due to oxygen vacancies created during
312 H.C. Madhusudhana et al. / Journal of Asian Ceramic Societies 4 (2016) 309–318
Table 1
Estimated crystallite size and strain of ZrO2 nanoparticles prepared using glycine and ODH fuels.
Samples Crystallite size (nm) Band gap
(eV)
Strain
(10−4)
Scherrer’s method (nm) W–H  plots (nm)
ZrO2-1 (glycine) 30 32 6.4 16
ZrO2-2 (ODH) 20 23 6.3 18
cryst
s
d
e
i
w
s
f
RFig. 3. Reitveld reﬁnement of cubic ZrO2 nano
ynthesis of ZrO2. This is reasonable because the combustion
erived nano-metal oxides have typical oxygen defects [29,37].
Fig. 6a and b shows the low and high magniﬁcation scanning
lectron micrographs of ZrO2-1 respectively. From the micrographs
t can be seen that the ZrO2-1 consists particles of irregular shape
hich are highly porous in nature. The particles form the ﬂake like
tructure and ﬂakes are composed of interconnected pores of dif-
erent size. The ﬂake morphology of ZrO2 is reported earlier by
amos-Bristo et al. [38] and Nayak et al. [39]. However, for theals prepared by (a) glycine and (b) ODH fuels.
sample ZrO2-2 the number of pores decreases and the ﬂaky struc-
ture as seen in ZrO2-1 was  not observed (Fig. 6c and d). The
difference in the surface morphology might be due to difference
in the exothermicity of the combustion and the agglomeration of
particles is typical of combustion synthesis. The difference in the
size and number of voids might be due to difference in the number
of moles of gases formed during combustion with varying fuels.
Typical TEM images of ZrO2-1 and ZrO2-2 are as shown in
Fig. 7a and d respectively. From the TEM micrographs it is clear that
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Table  2
Rietveld reﬁned structural parameters of cubic ZrO2 nanocrystals synthesized using glycine and ODH fuels.
Crystal system Fuel Atoms Oxidation state Wyckoff notation X Y Z B Occupancy
ZrO2
(cubic)
Glycine Zr +4 4a 0.0000 0.0000 0.0000 0.50 1
O  −2 8c 0.2500 0.2500 0.2500 0.50 2
Space  group: fm-3m (No. 225), cell volume = 133.800(0.027) A˚3
Lattice parameters: a = 5.1146(4) A˚3, Rp = 14.7, Rwp = 14.9, Rexp = 17.81, RBragg = 3.52, RF = 3.59
ZrO2
(cubic)
ODH Zr +4 4a 0.0000 0.0000 0.0000 0.50 1
O  −2 8c 0.2500 0.2500 0.2500 0.50 2
Space  group: fm-3m (No. 225), cell volume = 133.832(0.026) A˚3
Lattice parameters: a = 5.1151(4) A˚, Rp = 19.1, Rwp = 17.3, Rexp = 20.11, RBragg = 3.95, RF = 3.69
Fig. 4. Packing diagram of cubic ZrO2.
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Fig. 6. SEM micrographs of (a) low magniﬁcation, (b) high magniﬁcation of ZrO2-1, (c) low magniﬁcation and (d) high magniﬁcation of ZrO2-2.
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Fig. 7. TEM images of (a) ZrO2-1, (d) ZrO2-2, SAED pattern of (b) ZrO2-1, (e) ZrO2-2 and HRTEM images of (c) ZrO2-1, (f) ZrO2-2.
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Fig. 8. FTIR spectrographs of (a) ZrO2-1 and (b) ZrO2-2.
n ZrO2-1 individual particles without agglomeration are present.
owever, in case of ZrO2-2 particles are largely agglomerated and a
ump of nearly spherical particles with varying sizes are observed.
he difference in particle sizes and agglomeration in same sample
ight be due to difference in heat distribution during combustion
29]. Some authors also report that the size of the particles depends
n the phase of the material. Basahel et al. observed similar results
or mixed phase ZrO2 (cubic and tetragonal) and attributed the
ifference in particle size to crystalline phase [40]. The average par-
icles size in both the samples rages between 10 and 15 nm.  SAED
attern (Fig. 7b and e) of ZrO2-1 and ZrO2-2 shows clearly visible
pots; this suggests that the samples are nanocrystalline. Irrespec-
ive of the fuel used, the HRTEM images (Fig. 7c and f) show clear
attice fringes with different orientation (marked with circles for
etter visibility).
The FTIR spectra of ZrO2 are shown in Fig. 8. The characteristic
trong broad peak observed at 3445 cm−1 is attributed to the pres-
nce of physically adsorbed moisture. The strong peak at 1634 cm−1
s due the bending vibrations of chemisorbed H2O molecules [9,41].
he intense peak at 1382 cm−1 was also observed in both the sam-
les and it is strong and more intense in ZrO2-2. This is attributedWaveleng th (nm)
Fig. 9. UV–visible spectrograph of (a) ZrO2-1 and (b) ZrO2-2.
to nitrate groups from the precursors used [42]. The band centered
at 1115 cm−1 corresponds to the stretching vibrations of C O. The
strong broad peak centered 488 cm−1 is due to stretching vibrations
of Zr O in ZrO2 which is common in both the samples [43].
Fig. 9a and b shows UV–visible absorption spectrum of ZrO2-1
and ZrO2-2 respectively. The size of the nanoparticles can affect the
band gap of metal oxides. The important parameters that can affect
band gap of metal oxides are defect centers, mechanical stress and
changes in the crystallinity. Here the absorption at 200–220 nm is
due to O2− → Zr4+ charge transfer transitions [40], corresponding to
the excitation of electrons from valence band to conduction band.
Along with the absorption 200–220 nm there is weak absorption
beyond 300 nm region due to the defect states of oxygen/zirconia
vacancies [44]. There are no other signiﬁcant absorptions in the
spectrum.
The absorption coefﬁcient (˛) and photon energy (h) is related
using Tauc’s [45] expression (5) has been used to ﬁnd the band gap
of the given sample.
(˛h)2˛(h − Eg) (5)
where ˛0 is the absorption constant and Eg is the band gap of
the given material. The plot of (˛h)2 versus h (Fig. 10a and b)
is used to calculate the band gap of the materials. The calculated
band gap values for ZrO2-1 and ZrO2-2 is found to be 6.4 eV and
H.C. Madhusudhana et al. / Journal of Asian
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.3 eV respectively. This result is in consistent with the previously
eported values for ZrO2 [46].
The characteristic nitrogen adsorption–desorption isotherms of
he samples are shown in Fig. 11a and b. The adsorption–desorption
atterns of the two ZrO2 samples belong to the typical IUPAC IV-
ype with the H2-type hysteresis loop, which is a characteristic
f particles with uniform size and mesoporous structure [47]. It
s clear from the ﬁgure that all the two samples showed type
V isotherms with hysteresis loop at P/P0 = 0.3–0.95. The differ-
nt types of hysteresis loop show arrangement of interconnectivity
ores. It was reported that in such systems, the distribution of pore
izes and pore shapes are not well deﬁned [36]. The pore size dis-
ribution patterns of the synthesized ZrO2 samples are shown in
ig. 11c and d. The adsorption–desorption data are tabulated in
able 3 for both ZrO2 samples. Speciﬁc surface area of ZrO2-1 is
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25 m2 g−1, an average pore diameter of 38 A˚, and a total pore vol-
ume  of 0.243 cm3 g−1. However for ZrO2-2 it is 44 m2 g−1, 32 A˚ and
0.153 cm3 g−1 respectively. The increase in surface area of ZrO2-2
is due to the small particle size. However the pore volume is lesser
than ZrO2-1 shows the porosity difference in the samples [48].
The dielectric properties of the ceramic materials are very
important to study because of its excellent application in solid-
state electronics. The interests in studying dielectric properties are
dielectric constant, dielectric loss and dielectric conductivity. For
a ceramic material frequency range and environmental conditions
play a vital role in dielectric behavior.
The complex dielectric constant is given by the equation
ε = ε′ − jε′′ where ε′ is real part of dielectric constant and ε′′ is imag-
inary part of dielectric constant.
ε′ = Cd
ε0A
(6)
ε′′ = ε′ tan ı (7)
where C is the capacitance, d is the thickness and A is the cross
sectional area of the sample. ε0 is the relative permittivity in free
space and tan ı is the dielectric loss measured with the sample. The
dielectric loss factor is given by ε′ tan ı. The variation of real part
of the dielectric constant ε′ of ZrO2 nanoparticles with frequency
of the applied electric ﬁeld at room temperature is as shown in
Fig. 12a. It is observed that both the samples (ZrO2-1 and ZrO2-2)
show high values of dielectric constant for low frequencies, which
decreases rapidly with increasing frequency. At higher frequencies
the dielectric constant remains independent of frequency due to
the inability of electric dipoles to follow the fast variation of the
alternating applied electric ﬁeld, which is the expected behavior in
most dielectric materials. The dielectric constant value of ZrO2-1
becomes constant at 10 MHz  found to be 45. The tetragonal ZrO2
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Table 3
Adsorption–desorption isotherms parameters of ZrO2 samples prepared by glycine and ODH fuels.
Sample Surface area (m2 g−1) Pore volume (cm3 g−1) Pore diameter (A˚)
ZrO2-1 25.40 0.243 38.392
ZrO2-2 44.038 0.153 32.028
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the grain boundaries contribution. In this case, the porous materi-ig. 12. (a) Frequency versus dielectric constant and (b) frequency versus tangent
oss.
xhibited the dielectric constant 28 was reported earlier by Pazhani
t al. [49]. At 10 MHz  ZrO2-2 showing the dielectric constant value
6 whereas for calcium stabilized cubic ZrO2 it was 13.5–24 [50].
owever both the samples giving the dielectric values which are
omparable to the earlier reported values [51,50]. The loss tangent
ariation with respect to the frequency is as shown in Fig. 12b.
he dielectric loss is more in ZrO2-2 than ZrO2-1 as the frequency
ncreases tangent loss decreases and it is showing maximum of
4 for the sample ZrO2-2 because of more dielectric dispersion, it
ecomes 1.06 at 10 MHz. However for ZrO2-1 dielectric loss is maxi-
um of 3.8 at lower frequencies and it becomes 0.28 at 10 MHz. The
C conductivity of the samples (Fig. 13) was found to be strongly
epending on frequency. Dispersion in conductivity usually takes
lace when the carriers are not free to move throughout the sam-
le. At low frequencies, conductivity is found to be very small ﬂat
eak supporting space charge polarization. The AC conductivity of
rO2-1 was found to be 8.7 × 10−4 S cm−1 whereas for ZrO2-2 it
s 7.1 × 10−4 S cm−1. However the conductivity studies of porous
ano ZrO2 was reported by Kumar et al. [52]. The variation of DC
onductivity of ZrO2-1 and ZrO2-2 with respect to temperature in
he range 500–720 ◦C is as shown in Fig. 14. It is observed that both
he samples are almost acts like insulators up to 500 ◦C. The signif-
cant conductivity starts after 500 ◦C, for ZrO2-2 the conductivity
ncreases exponentially up to 3.5 × 10−3 S cm−1 at 720 ◦C. ZrO2-1
hows response after 600 ◦C and increases exponentially but of lessFig. 14. Variation of DC conductivity as a function of temperature for (a) ZrO2-1 and
(b)  ZrO2-2.
value 1.11 × 10−3 S cm−1. The temperature dependence conductiv-
ity ZrO2 was reported by Tekeli et al. [53]. Conductivity mechanism
is explained based on Arrhenius equation (8).
 = AT exp
(
− Ea
KT
)
(8)
where A is a constant depending on the material, K is the Boltz-
mann constant, and Ea is the activation energy determined by the
slope of the interpolating Arrhenius curve. The conductivity after
500 ◦C increases with an increase in temperature in both the sam-
ples because an increase in temperature will increase the drift
mobility of the charge carriers; since increase in temperature will
help the bound charges to participate in conduction process [54].
Since the samples are ceramic in nature the variation of activa-
tion energies are explained based on porous ceramics. In porous
ceramics, the electrical properties (activation energy, conductivity,
dielectric permittivity) were affected more by the porosity thanals were considered as to composite materials made of the samples
with various amounts of air inclusions. Thus, the porosity affects
the activation energies. In porous pellet ceramics, the activation
H.C. Madhusudhana et al. / Journal of Asian
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dam, The Netherlands (1970).ig. 15. Variation of resistance as a function of relative humidity for (a) ZrO2-1 and
b) ZrO2-2.
nergies increase with the porosity which is well in agreement with
xperimental values (ZrO2-1 and ZrO2-2). In a perfectly densiﬁed
aterial, the threads of current are supposed to be globally paral-
el to the electric ﬁeld, while the threads of current may  have to go
ound the air inclusions in a porous sample, which may  require a
igher energy to cross the pellets. ZrO2-1 shows less DC conduc-
ivity than ZrO2-2 because it is having high porosity and higher
rystallite size.
Fig. 15 shows the variation of resistance with relative humidity
RH) for ZrO2-1 and ZrO2-2. For both the samples initially the elec-
rical resistance decreases rapidly with a small change in humidity
ue to adsorption of water vapors. The variation of resistance spec-
ra with humidity implies the different electrical conduction and
olarization process that occur in ZrO2 when exposed to the differ-
nt RH [6]. Both the samples show nonlinear behavior. The quick
esponse is in between 0 and 30% RH. The high resistance variation
s more in ZrO2-1 and it is suitable for lower humidity applications
n industries for quick response.
. Conclusion
Nanocrystalline ZrO2 samples are prepared successfully by low
emperature solution combustion synthesis using glycine and ODH
s fuels. We  demonstrate that just by changing the fuel from ODH
o glycine, we obtain mixture of tetragonal and monoclinic phase
rO2 having better AC conductivity (8.7 × 10−4 S cm−1), dielectric
onstant (45) and humidity sensing. On the other hand, use of
DH aids in the formation of mixture of cubic and tetragonal
rO2 that has better DC conductivity (3.5 × 10−3 S cm−1) and good
ielectric constant (26). The band gap values of ZrO2 prepared by
lycine and ODH are 6.4 eV and 6.3 eV respectively. DC conductiv-
ty increases with increase in temperature for ZrO2-1 which shows
nhanced for ZrO2-2. Humidity sensing property of ZrO2-1 shows
igh response between 20% RH and 50% RH whereas ZrO2-2 shows
ess response. This work shows appropriate choice of fuel alone can
elp to achieve signiﬁcant improvement in the AC conductivity and
umidity sensitivity or DC conductivity and dielectric response.
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